Actinobacillus actinomycetemcomitans, the etiologic agent for localized juvenile periodontitis and certain other human infections, such as endocarditis, expresses a leukotoxin that acts on polymorphonuclear leukocytes and macrophages. Leukotoxin is a member of the highly conserved repeat toxin (RTX) family of bacterial toxins expressed by a variety of pathogenic bacteria. While the RTX toxins of other bacterial species are secreted, the leukotoxin of A. actinomycetemcomitans is thought to remain associated with the bacterial cell. We have examined leukotoxin production and localization in rough (adherent) and smooth (nonadherent) strains of A. actinomycetemcomitans. We found that leukotoxin expressed by the rough, adherent, clinical isolate CU1000N is indeed cell associated, as expected. However, we were surprised to find that smooth, nonadherent strains of A. actinomycetemcomitans, including Y4, JP2 (a strain expressing a high level of toxin), and CU1060N (an isogenic smooth variant of CU1000N), secrete an abundance of leukotoxin into the culture supernatants during early stages of growth. After longer times of incubation, leukotoxin disappears from the supernatants, and its loss is accompanied by the appearance of a number of low-molecular-weight polypeptides. The secreted leukotoxin is active, as evidenced by its ability to kill HL-60 cells in vitro. We found that the growth phase and initial pH of the growth medium significantly affect the abundance of secreted leukotoxin, and we have developed a rapid (<2 h) method to partially purify large amounts of leukotoxin. Remarkably, mutations in the tad genes, which are required for tight nonspecific adherence of A. actinomycetemcomitans to surfaces, cause leukotoxin to be released from the bacterial cell. These studies show that A. actinomycetemcomitans has the potential to secrete abundant leukotoxin. It is therefore appropriate to consider a possible role for leukotoxin secretion in the pathogenesis of A. actinomycetemcomitans.
Actinobacillus actinomycetemcomitans is a gram-negative, capnophilic, facultatively anaerobic bacterium responsible for several human diseases, including localized juvenile periodontitis and infective endocarditis (14, 47, 63) . Clinical isolates of A. actinomycetemcomitans form colonies that appear rough, autoaggregate, and adhere tenaciously to surfaces, such as glass, plastic, and hydroxyapatite (13) . These properties are associated with the expression of characteristic long fibrils, whose presence is dependent on the tadABCD EFG genes (23) . Spontaneous smooth-colony, nonadherent variants arise readily during subculture (13, 62) , but it is not known if these variants have any clinical relevance. A. actinomycetemcomitans has also been reported to express several potential virulence factors (14) , of which the best studied is the 116-kDa cytotoxic leukotoxin (26, 34, 35) .
Leukotoxin is a member of the RTX family of toxins (33, 60, 61) , which include the Escherichia coli ␣-hemolysin (12), Pasteurella haemolytica leukotoxin (36) , Bordetella pertussis bifunctional adenylate cyclase hemolysin (17) , and other related toxins in a wide range of pathogens. The toxins of the RTX family are large (Ͼ100 kDa), basic proteins that contain C-terminal glycine-rich repeats. The repeats are responsible for binding divalent calcium, which is required for toxin activity (7, 8, 9, 21) . In addition, they all share the unique characteristic of being modified by lipid acylation, the only example of such a protein modification in the prokaryotic world (52) . With the apparent exception of A. actinomycetemcomitans leukotoxin, which is thought to be entirely cell associated, all other RTX toxins are secreted from the bacterial cell via type I secretion (6, 29, 57, 61) . The adenylate cyclase of B. pertussis is both cell associated and released into the culture medium (37) . While the cell target specificity of the RTX bacterial toxins is generally broad, that of A. actinomycetemcomitans leukotoxin is highly specific for the polymorphonuclear leukocytes (PMNs) and macrophages of humans and monkeys (53, 54) .
Two models for the mechanism of RTX toxin-induced cell death have been proposed. The first model proposes toxin insertion into the membrane of the target cell to cause rapid cell lysis (at high doses) or apoptosis (at low doses) (4, 5, 25, 31, 38, 49) . This model holds that the protein toxin forms a pore that allows passage of small molecules through the cell membrane. Other studies have led to a second model, in which the toxin does not pass completely through the target cell membrane (2, 18, 43, 48, 49) . Rather, the toxin remains in the outer leaflet of the lipid bilayer. By displacing lipid molecules in the outer leaflet, the toxin causes cell death by lateral pressure and subsequent monolayer collapse (49) .
The toxin biosynthetic genes in the various bacteria are present in identically arranged operons of four genes in the order CABD (26, 35, 52, 60, 61) . The primary structures of the proteins encoded by the different organisms are significantly related, and their functions are thought to be conserved. The structural gene for the RTX toxin is the second gene of the operon (e.g., hlyA in E. coli). The proteins responsible for the maturation and secretion of E. coli ␣-hemolysin (HlyA) are among the best studied. The acyltransferase required to modify ␣-hemolysin is encoded by hlyC, the first gene of the operon (20, 21, 22, 51) , whereas the hlyB and hlyD gene products are involved in type I secretion of toxin from the bacterial cell (27-30, 44, 59) . A third protein, TolC, whose gene lies outside the toxin operon, is also required for toxin secretion (58) .
It is generally accepted that A. actinomycetemcomitans is unique among the RTX toxin-producing bacteria because it does not secrete its leukotoxin (LtxA). Instead, the toxin remains associated with the bacterial cell, possibly within membranous vesicles or electrostatically associated with nucleic acids bound to the cell surface (3, 32, 41, 57) . This property implies that leukotoxin-induced killing requires target cells to be in direct contact with the bacteria.
While examining secreted proteins from rough and smooth strains of A. actinomycetemcomitans, we were surprised to observe an abundance of leukotoxin in the supernatants of young cultures of smooth strains. Here we present an analysis of leukotoxin production and secretion by different strains of A. actinomycetemcomitans and we show the effects of both environmental and genetic factors. Finally, we discuss the possible relevance of these findings to the role of leukotoxin in the pathogenesis by A. actinomycetemcomitans.
MATERIALS AND METHODS
Bacterial strains and culture conditions. A. actinomycetemcomitans strains (Table 1) were grown in AAGM broth (13) containing 30 g of Trypticase soy broth (BBL) and 6 g of yeast extract (BBL) per liter, 0.75% glucose, and 0.4% NaHCO 3 . The glucose and NaHCO 3 were added to the medium after autoclaving. AAGM plates were made similarly, except that 40 g of Trypticase agar was substituted for the Trypticase soy broth. When appropriate, media for A. actinomycetemcomitans were supplemented with 4 g of chloramphenicol and 20 g of nalidixic acid/ml. Plates were incubated at 37°C in a CO 2 -enriched environment in a sealed GasPak container (BBL) for 72 h. Broth cultures of A. actinomycetemcomitans were grown in screwcap plastic tubes at 37°C for approximately 24 h. In certain experiments, the pH of the medium was changed with either 1 M NaOH or 1 M HCl. The nalidixic acid-resistant strains were isolated by plating dense cell suspensions on medium containing nalidixic acid. In every case, AAGM broth was inoculated with a fresh, single, well-isolated colony, and never did we culture from broth to broth or from plate to plate. Cells were always streaked from frozen stocks to avoid passages of the strains. The E. coli strain used as the host to transfer plasmids to A. actinomycetemcomitans by conjugation was Top10 (InVitrogen). E. coli strains were grown on Luria-Bertani plates and broth overnight at 37°C with aeration. When needed, the following antibiotics were used for E. coli: kanamycin, 50 g/ml; chloramphenicol, 50 g/ml. All of the IncQ plasmids listed in Table 1 were mobilized from E. coli donor cells to A. actinomycetemcomitans recipients by the RK2 oriT-defective mutant plasmid, pRK21761, as previously described (56) .
Preparation of leukotoxin from A. actinomycetemcomitans. The following smallscale method was used for all experiments in which leukotoxin was prepared only to compare its abundance and localization in different strains. After the strains were grown in broth (5 ml) for the desired time, 1 ml of cell suspension was removed and added to a sterile Eppendorf tube. For strains which are adherent, cells were first scraped from the wall. The tube was then centrifuged at 16,000 ϫ g for 2 min to pellet cells. Five hundred microliters of supernatant was removed to a new Eppendorf tube, to which 1 ml of ice-cold 100% ethanol was added to precipitate protein (11) . In initial experiments, the supernatant was further passed through a 0.22-m-pore-size syringe filter (HT Tuffryn membrane; Pall Corporation, Ann Arbor, Mich.); however, no difference was ever observed. The supernatant-ethanol mixture was placed at Ϫ80°C for 5 min and then centrifuged as before at 4°C for 15 min. After centrifugation, the supernatant was removed and the resulting pellet was allowed to dry on the bench top for several minutes. Ten microliters of sodium dodecyl sulfate (SDS) sample buffer (0.0625 M TrisHCl [pH 6.8], 10% glycerol, 5% ␤-mercaptoethanol, 2% SDS, 0.005% bromophenol blue) was added, and the pellets were resuspended. All 10 l was added to each lane of the polyacrylamide gel. The original tube containing the cell pellet and remaining supernatant was inverted to remove all of the liquid. The cell pellet was resuspended directly in 100 l of SDS sample buffer, and 10 l of this was added per lane.
For the large-scale isolation of leukotoxin from CU1060N, cells were grown for 12 h in broth as before, except that colonies were inoculated into 10 ml of AAGM instead of 5 ml. Cultures were pooled and centrifuged at 10,000 ϫ g for 10 min. The supernatant was then passed through a 0.22-m-pore-size syringe filter to remove any remaining cells which could obstruct the concentrator apparatus. The filtered supernatant was then concentrated to 1/100 of the initial volume using a concentrator unit (Ultrafree PF-60 Biomax-50K membrane filter device; Millipore, Bedford, Mass.) according to the manufacturer's instructions. Briefly, the units were centrifuged for 1.5 h at 1,000 ϫ g in a Sorvall RT6000B refrigerated centrifuge. The concentrated samples were stored either at Ϫ20 or 4°C.
SDS-polyacrylamide gel electrophoresis (PAGE) of protein samples. All of the protein samples were boiled for 5 min and separated by electrophoresis through a 12% polyacrylamide gel with a stacking gel of 5% (1). The gel was run at 70 to 100 V until the dye ran to the end of the gel. Gels were stained overnight with 0.5% Coomassie blue and destained in 50% methanol-10% acetic acid for 1 to 2 h. Densitometric analysis was done using Kodak Digital Science 1D image analysis software.
In-gel digestion and MALDI analysis of leukotoxin. Identification of leukotoxin from the rough and smooth strains was performed by the Columbia University Protein Chemistry Core Facility. Gels were prepared for digestion by staining them with Coomassie blue and excising the bands with a clean blade. The gel bands were placed in acid-washed microcentrifuge tubes and lightly crushed with a tissue grinder and then washed with 400 l of 0.05 M Tris (pH 8.5)-50% acetonitrile for 20 min with shaking. The supernatant was discarded, and the wash was repeated. The washed gel pieces were dried for 30 min in a Speed-Vac concentrator. Forty microliters of digestion buffer (0.025 M Tris, pH 8.5), containing 0.1 g of endoproteinase Lys-C (Boehringer Mannheim; sequencing grade), was added to the tube containing the dried gel, and the tube was incubated for 20 h at 32°C. When digestion was complete, peptides were extracted by adding 100 l of 50% acetonitrile-0.1% trifluoroacetic acid (TFA), shaking the tube for 30 min, and removing the supernatant to a clean tube. The extraction was repeated, and the combined supernatants were dried in a SpeedVac concentrator. Matrix solution for matrix-assisted laser desorption ionization (MALDI) analysis was prepared by making a 10-mg/ml solution of 4-hydroxy-acyanocinnamic acid in 50% acetonitrile-0.1% TFA and adding an internal standard (angiotensin) to the matrix. The dried digest was dissolved in 4 l of matrix-standard solution, and 0.8 l was spotted onto the sample plate. MALDImass spectrometry (MALDI-MS) was performed on the digest using a PerSeptive Voyager DE-RP mass in spectrometer in the linear mode. Cell culture and flow cytometry. HL-60 cells were grown as previously described (25) . Fluorescence-activated cell sorting (FACS) analysis was performed essentially as described by Karakelian et al. (25) at the Columbia University Flow Cytometry Facility using a FACScan instrument (Becton Dickinson). Approximately 30 g of leukotoxin and 100 g of propidium iodide (PI) were added to each 6-ml suspension of HL-60 cells at time zero, and the suspension was allowed to incubate for the desired time at 37°C. At each time point, 0.5 ml was removed and analyzed. Cells that were PI positive were scored as dead. During each sampling, 20,000 events (cells) were recorded by the FACS instrument. A control of uninoculated medium, which was taken through the whole leukotoxin purification scheme, was included with every experiment.
RESULTS
Appearance of abundant leukotoxin in culture supernatants of smooth strains. While comparing proteins from culture supernatants of a rough clinical isolate of A. actinomycetemcomitans (CU1000N) and an isogenic smooth variant (CU1060N), we noted an intensely staining species of approximately 120 kDa from the supernatant of a young culture of the smooth strain (Fig. 1B) . This species was also present in the supernatant of the rough strain, but in a much smaller amount (Fig.  1A) . To attempt to identify the protein, the band from the polyacrylamide gel was extracted and analyzed by MALDI-MS. The protein was identified unequivocally as A. actinomycetemcomitans leukotoxin (LtxA) (GenBank accession no. 79293).
To characterize further the difference in leukotoxin localization by rough and smooth strains, we examined the cell pellets and supernatants from cultures of different ages (Fig. 1) . At all times observed, leukotoxin from the rough strain remained cell associated (Fig. 1A, pellet) . Only at later times (23 h) did leukotoxin become detectable in the supernatant (Fig. 1A,  supernatant) . MALDI-MS was again used to confirm that the cell-associated band was leukotoxin. In contrast, the amount of cell-associated leukotoxin from the smooth strain was relatively insignificant at all times (Fig.  1B, pellet) . Instead, leukotoxin was found in large quantity in the culture supernatants from the smooth strain at early incubation times (Fig. 1B, supernatant) . At the earliest time examined (11 h), leukotoxin was the only polypeptide species readily detectable in the culture supernatant. For older cultures (35 to 73 h) of the smooth strain, the initially intense leukotoxin band disappeared, with a concomitant increase in lower-molecularweight polypeptide species, possibly the result of toxin breakdown. Disappearance of leukotoxin from the supernatant of the rough strain was also observed at late times (Fig. 1A, 58 h) , albeit less than from that of the smooth strain. The appearance of leukotoxin in the supernatants without detectable quantities of other cell-associated polypeptides indicates that leukotoxin is not released by cell lysis. We conclude that leukotoxin is secreted under these conditions.
The presence of abundant leukotoxin in the supernatant of the smooth strain was surprising, since it has been generally accepted that A. actinomycetemcomitans leukotoxin is the only RTX toxin that is cell associated and not secreted (3, 32, 41, 57) . To determine if this is a property unique to CU1000N derivatives, we tested other commonly used smooth strains of A. actinomycetemcomitans. We found that leukotoxin is secreted from well-studied strain Y4 and from JP2, a strain expressing a high level of leukotoxin (50) (Fig. 1C) . However, as observed for CU1060N, the extracellular leukotoxin was less abundant in older cultures of Y4 and JP2 (data not shown).
Large-scale purification of active leukotoxin. Purification schemes for A. actinomycetemcomitans leukotoxin are long and tedious and yield relatively little protein. These protocols are designed to extract leukotoxin from the pellets of smooth strains. Our results suggest that this material represents only a small fraction of the leukotoxin that remains to be secreted. Furthermore, purification of leukotoxin from total cell extracts requires its separation from all other cellular proteins and consequently leads to a lower yield of toxin.
Our finding that young cultures of smooth A. actinomycetemcomitans strains secrete abundant leukotoxin made it possible to devise a simple method to prepare large quantities of leukotoxin. Using the supernatant from a 12-h culture of smooth strain CU1060N and a standard protein concentrator (Millipore), as described in Materials and Methods, we were able to isolate 4 to 10 g of relatively pure toxin per ml of culture supernatant in less than 2 h. With a maximum volume capacity of 65 ml, each concentrator unit typically concentrated greater than 0.5 mg of total leukotoxin in less than a 500-l volume. Hence, milligram amounts of leukotoxin were easily obtained. The quality of these preparations was typically that shown for the 11-h sample of Fig. 1B .
To determine whether the leukotoxin purified in this way was active, we assayed for leukotoxin-induced death of HL-60 cells, a human leukemia cell line commonly used for such assays (25, 64) . Cell death, as measured by PI uptake, occurred in the presence of A. actinomycetemcomitans leukotoxin but not with the concentrated medium control (Fig. 2A) . Furthermore, leukotoxin-treated HL-60 cells, examined by microscope, showed the characteristic membrane blebbing, nuclear breakdown, and cell destruction, in contrast to the untreated control cells (Fig. 2B) . The estimated fraction of cells displaying blebbing was always significantly greater than the fraction of dead cells measured by PI uptake. Thus, leukotoxin prepared from culture supernatants exhibits the activities previously reported for leukotoxin prepared from cell extracts.
The abundance of cell-free leukotoxin is affected by pH. It has been proposed that various environmental conditions affect leukotoxin abundance, including pH, oxygen levels, growth rate, and temperature (42) . Because the oral cavity is an environment of constantly changing pH and since laboratory growth media can vary in pH without an obvious defect in bacterial growth, we decided to test if the initial pH of the growth medium affects the abundance of supernatant leukotoxin from the smooth strain. Indeed, we found that pH has a striking effect on the amount of leukotoxin in the culture supernatants (Fig. 3) . When CU1060N cultures were grown in medium with an initial pH of 7.1, abundant leukotoxin was present even after 61 h. Cultures grown in medium with an initial pH of 8.0 showed a nearly fourfold-lower level of leukotoxin at early times, as determined by densitometric analysis. Only a small amount of leukotoxin remained at 22 h, and by 61 h no leukotoxin was evident by Coomassie blue staining. These differences were highly reproducible, and, while differences in growth could theoretically account for such a variation, the cell densities and viable cell counts were essentially identical for the different pH conditions at each of the times tested (data not shown).
Leukotoxin is released from nonadherent tad mutants. Recently, we reported a cluster of genes (tadABCDEFG) required for the tight adherence of A. actinomycetemcomitans (23) . A mutation in any of the seven tad genes causes a change in colony morphology from rough to smooth. The tad mutants are unable to adhere to surfaces, autoaggregate, or form the bundled fibrils typical of the parental rough strain, CU1000N. We examined four tad mutants (tadA, tadB, tadC, and tadD mutants) for secretion of leukotoxin; unexpectedly, all four exhibited an altered leukotoxin phenotype. The tad mutants reproducibly demonstrated a greatly diminished amount of cell-associated leukotoxin and a corresponding release of leukotoxin into the culture medium (Fig. 4) . In this regard, the tad mutants resembled the spontaneous smooth variant CU1060N. However, the protein composition of the culture supernatants from the tad mutants over time was different from that for CU1060N (Fig. 5) . SDS-PAGE of the supernatants of relatively young (16-to 37- (Fig. 1B) . The tad mutant cultures appeared to grow normally beyond 24 h, and viable counts and microscopic examination of the bacterial cells revealed no signs of cell death, disruption, or lysis. The mutations were complemented by supplying the wild-type genes in trans. As seen in the rough strain CU1000N, all the complemented mutants retained leukotoxin (Fig. 4) , and the smear of background protein bands in the supernatant was absent (data not shown).
DISCUSSION
Early studies on A. actinomycetemcomitans leukotoxin indicated that the protein was not secreted but instead remained associated with the bacterial cell (3, 32, 41, 57) . This generally accepted observation stands in contrast to the findings with the other RTX toxin-producing bacteria, all of which secrete their toxins in soluble form (60) . In this study, we have shown that A. actinomycetemcomitans leukotoxin is indeed secreted in large quantities by spontaneous, nonadherent, smooth strains, by nonadherent tad mutants, and to a lesser degree by a rough, adherent strain. The supernatants of young cultures of smooth strains contained high levels of leukotoxin in relatively pure form. We also found that a significant amount of cell-associated leukotoxin is retained by the rough strain but not by the smooth strain. These results may have implications with respect to A. actinomycetemcomitans pathogenesis. Furthermore, the ability to obtain large amounts of pure A. actinomycetemcomitans leukotoxin should greatly facilitate structure-function studies of leukotoxin.
We wished to identify factors that affect leukotoxin abundance, as these may be important, not only for purification of the toxin but also for understanding the disease process in humans. We found that several factors affect the abundance and purity of leukotoxin in the supernatant. (i) Addition of fresh sodium bicarbonate to the medium just before inoculation results in higher levels of leukotoxin (data not shown). (ii) Inoculation with a fresh colony from a plate just removed from a CO 2 environment, rather than one that had been exposed to air, gives the most abundant and pure leukotoxin (data not shown). (iii) pH also affects the quality of leukotoxin in the supernatant. Growth of the smooth strain in culture medium with an initial pH of 7.1 yields more supernatant leukotoxin over a longer time than growth culture media with higher initial pH. (iv) The age of the culture is also important, with very young cultures having the highest levels of leukotoxin in the medium. Because A. actinomycetemcomitans is relatively fastidious and slow growing, it is likely that investigators grow their cultures for 2 or 3 days to maximize cell density before harvesting the toxin. However, our results demonstrate that this strategy is counterproductive. For purification of large amounts of leukotoxin, we have found that it is best to inoculate a fresh colony into new medium at pH 6.5 to 7.0 and harvest toxin from the supernatant after approximately 12 h of incubation. The reason for the disappearance of leukotoxin from the supernatant of older cultures is currently unknown, although a likely explanation is that leukotoxin is being degraded by a protease. Our initial attempts to identify such a protease in the supernatants of older cultures have thus far been unsuccessful. Whether the breakdown of secreted leukotoxin is relevant to the pathogenesis of A. actinomycetemcomitans will require further work.
We also note that leukotoxin can be lost by adsorption during the isolation procedure. It is important to filter culture supernatants using low-protein-binding membranes (e.g., HT Tuffryn). Filters that were not low protein binding (e.g., cellulose acetate) yielded little or no leukotoxin (data not shown). In addition, low levels of leukotoxin were obtained when bacteria were cultured in certain tissue culture vessels (data not shown). This result is similar to the findings of Daefler (10), who reported that SipC and InvJ proteins of Salmonella enterica serovar Typhimurium could only be recovered from culture supernatants after the tissue culture dishes were coated with bovine calf serum, which prevents nonspecific binding of proteins to the culture dishes. It is possible that the early experiments that led to the conclusion that leukotoxin is not secreted from A. actinomycetemcomitans may have been done under one or more of the unfavorable conditions described here.
The physiological relevance of the effect of pH on leukotoxin abundance in the supernatant may be related to the unique specificity of A. actinomycetemcomitans leukotoxin for PMNs. When PMNs accumulate at the site of infection to attack a pathogen, a decrease in pH accompanies the inflammatory response (16, 46, 55) . Since PMNs are the target of leukotoxin, it is logical to propose that it would be to the advantage of the pathogen to have more-abundant leukotoxin in the presence of host defenses. A pH of lower than 7.0 may increase either the stability or expression of leukotoxin, while a higher pH may signal that leukotoxin is no longer required and that leukotoxin can be restored to the basal level. These possibilities will re- quire further investigation, and it will be of considerable interest to identify other environmental and cellular signals that regulate the cytotoxicity of A. actinomycetemcomitans.
Because leukotoxin was previously thought not to be secreted, the functions of the putative toxin secretion proteins, LtxB and LtxD, have remained undefined (19, 32) . In E. coli the function of HlyB (the LtxB homolog) is to supply energy for the secretion process via its ATPase activity (27, 30) . HlyD (the LtxD homolog) is proposed to serve as the transmembrane channel through which the ␣-hemolysin is secreted (44) . A. actinomycetemcomitans ltxB and ltxD mutants gave rise to subtle phenotypes in which the amount of intracellular leukotoxin was slightly decreased relative to that of the wild-type strains. However, because it was not known that A. actinomycetemcomitans leukotoxin could be secreted, the effect of these mutations on the production of soluble leukotoxin was not examined. Our present findings lead to the obvious prediction that LtxB and LtxD are indeed required for leukotoxin secretion, as they are in other RTX toxin-expressing bacteria, and that the mutations will block the accumulation of leukotoxin in culture supernatants.
We were surprised to find that the tad mutant strains do not retain leukotoxin, but rather release it into the culture medium, just as the spontaneous nonadherent, smooth strains do. The tad genes are required for tight adherence to surfaces, autoaggregration, and the production of long bundled fibers. On the basis of phylogenetic analysis and functional analysis, we have proposed that the Tad proteins constitute a novel secretion system required for the production of fibrils (23) . The simplest explanation for the leukotoxin phenotype of tad mutants is that the Tad system is required to secrete a factor that allows leukotoxin to remain cell associated, possibly the fibrils themselves. Ohta et al. (40, 41) found that A. actinomycetemcomitans leukotoxin can be associated with the bacterial cell by electrostatic interactions with nucleic acids bound to the cell surface. While it is possible that the Tad proteins are also involved in the export or binding of nucleic acid to the cell surface, there is currently no evidence to support this idea. Lipopolysaccharide (LPS) has also been reported to differ between rough and smooth strains (13), but we have not yet determined if LPS is affected by the tad genes. At present, the reasons for the observed leukotoxin phenotype in the tad mutants remain unknown. Nevertheless, it is interesting that both the leukotoxin-encoding region (24) and the tadABCDEFG region (23) of the A. actinomycetemcomitans genome have identical GϩC contents of 36%, which is significantly different from the 48% GϩC content of the rest of the genome. Furthermore, neither region contains any copies of the 11-bp putative DNA uptake sequence that we recently identified in the genome of A. actinomycetemcomitans (56; P. Planet, S. Kachlany, and D. Figurski, unpublished results). Given these observations and the phenotypes of the tad mutants, it is intriguing to consider the possibility that these two regions were recently acquired and that there is a functional or regulatory relationship between them.
